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The topological property of SrRu2O6 and isostructural CaOs2O6 under various strain conditions is
investigated using density functional theory. Based on an analysis of parity eigenvalues, we anticipate
that a three-dimensional strong topological insulating state should be realized when band inversion
is induced at the A point in the hexagonal Brillouin zone. For SrRu2O6, such a transition requires
rather unrealistic tuning, where only the c axis is reduced while other structural parameters are
unchanged. However, given the larger spin-orbit coupling and smaller lattice constants in CaOs2O6,
the desired topological transition does occur under uniform compressive strain. Our study paves a
way to realize a topological insulating state in a complex oxide, which has not been experimentally
demonstrated so far.
I. INTRODUCTION
Topological insulators (TIs) are novel quantum states
of matter realized by non-trivial band topology driven by
relativistic spin-orbit coupling [1–7]. In contrast to their
close relatives quantum Hall insulators [8, 9], TIs do not
require external magnetic fields and allow their realiza-
tion in three-dimensional systems [4, 6, 7]. For potential
applications and for exploring further novel phenomena,
inducing magnetism by doping magnetic ions or interfac-
ing with magnetic and/or superconducting systems have
been proposed [10–13].
In terms of magnetism and superconductivity,
transition-metal oxides are ideal playgrounds as they
have already demonstrated a wide variety of symmetry
breaking [14] arising from strong correlations between
electrons. However, only a few studies for TIs based on
the transition-metal oxides have appeared so far. In their
seminal work, Shitade and coworkers suggested hexago-
nal iridium oxide Na2IrO3 as a possible candidate for
a two-dimensional (2D) TI in monolayer or a weak TI
in bulk [15] with its band structure analogous to the
Kane-Mele model [1]. On the other hand, Chaloupka
and coworkers considered this material as a Mott insu-
lator due to strong Coulomb interactions, instead, and
derived a low-energy effective model consisting of Ki-
taev and Heisenberg interactions [16]. In order to under-
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FIG. 1: (a) Top and (b) side views of SrRu2O6. The cell is
doubled along all the directions.
stand the experimental magnetic structure [17–19], fur-
ther theoretical investigation was carried out by consider-
ing more realistic models with correlation effects [20–24].
Instead of bulk oxides, Xiao et al. considered artificial
heterostructures of transition-metal oxides grown along
the [111] crystallographic axis as possible candidates for
2D TIs. Such a heterostructure of SrIrO3 was originally
suggested as a potential 2D TI [25] (see also [26]), but
later it was shown to be unstable against antiferromag-
netic ordering, resulting in a trivial insulator [27, 28]. A
recent experimental study on Ir-based (111) heterostruc-
ture is consistent with the predicted magnetic and trivial
insulating state [29]. Thus, TI states still remain to be
unveiled among the transition-metal oxide family.
In this paper, we focus on SrRu2O6 and isostructural
CaOs2O6. SrRu2O6 is a quasi-two-dimensional mate-
rial (its structure is shown in Fig. 1), having a fairly
high transition temperature for G-type antiferromagnetic
ordering, TN ∼ 565 K, but smaller ordered moment,
∼ 1.3 µB, compared with the nominal value expected
for Ru5+, 3 µB [30–32]. Theoretical studies of this com-
pound suggested that the strong hybridization between
Ru and O ions is responsible for this unique charac-
ter [31, 33]. Formation of molecular orbitals within a
Ru hexagonal plane owing to such a strong hybridiza-
tion was also pointed out to explain the small magnetic
moment [34]. To gain further insight, Wang et al. con-
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FIG. 2: Theoretical phase diagram of CaOs2O6 under various
compressive strains.
structed a 2D model for SrRu2O6 and analyzed magnetic
transitions [35]. Some of theoretical studies on SrRu2O6
have already introduced spin-orbit coupling (SOC), but
its topological nature has not been investigated. As far
as we are aware, there is no experimental or theoretical
report on CaOs2O6. However, due to the close physical
similarity between Sr and Ca and between Ru and Os,
once synthesized properly, it would form the isostructure
of SrRu2O6.
Using density functional theory (DFT), we investigate
the topological property of SrRu2O6 and isostructural
CaOs2O6. Both materials have the trivial band topology
under ambient pressure. However, under a certain pres-
sure or strain, band inversion is induced at one of the
time-reversal-invariant momenta (TRIM), resulting in a
nontrivial band topology. This phase is characterized as
a strong topological insulator (STI) with one Dirac cone
on each surface. While these materials have rather two-
dimensional structure, the three-dimensionality is essen-
tial to drive the topological transition in SrRu2O6 and
CaOs2O6. Our finding on CaOs2O6 is summarized in
Fig. 2. With the anisotropic strain, one ends up with
trivial insulating states or semimetallic states. However,
with the uniform strain, there is a finite window in which
the STI is stabilized.
II. PRELIMINARY
The structural optimization was done using VASP [36]
with the generalized gradient approximation (GGA) [37]
and projector augmented wave (PAW) approach [38, 39].
For Os and O standard potentials were used (Os and O
in the VASP distribution), for Ru a potential in which
semicore p states are treated as valence states was used
(Rupv), and for Sr and Ca potentials in which semicore
s and p states are treated as valence states were used
(Srsv and Casv). The structural optimization was done
using the doubled unit cell with the experimental lattice
constants, a 4× 4× 4 k-point grid, and an energy cutoff
of 600 eV. Using the obtained structural data, we calcu-
lated the topological indices for the band structure using
the parities of Bloch wave functions obtained with the
irrep program in the wien2k code [40]. For this pur-
pose, we turned on SOC, set RKmax = 8.0, and used a
10 × 10 × 10 k-point grid. We also constructed a tight-
binding model consisting of the Ru (Os) t2g orbitals us-
ing the Wannier functions [41–44] without the maximal
localization procedure. The Wannier functions were con-
structed from the first-principles band structure calcu-
lated with the wien2k code. We used an 8×8×8 k-point
grid for the model construction. All calculations were
done assuming the nonmagnetic solution unless noted.
Here, we start from our preliminary calculations on
SrRu2O6. We first performed the full structural opti-
mization for this compound including lattice constants
and fractional atomic coordinates without SOC. Then,
we turned on SOC to calculate the band dispersion as
shown in Fig. 3 (a). We found that the parity eigen-
value at TRIM is +1 at the Γ and M (×3) points, and
−1 at the A and L (×3) points. At the A point with
a small band gap, the nearly degenerate highest occu-
pied states and the lowest unoccupied state have oppo-
site parities: −1 and +1, respectively. Thus, if one can
introduce band inversion between these states at the A
point, we expect that a STI would be realized with Z2
indices ν0; (ν1, ν2, ν3) = 1; (1, 1, 1) [45]. To test this idea,
we considered several strains with or without structural
optimizations, and found that the desired band inversion
indeed occurs when the c axis is reduced by 20% while
the other lattice constants and fractional atomic coordi-
nates are unchanged [Fig. 3 (b)]. However, such a huge
reduction of the c-axis length is not realistic and, more-
over, once the relaxation of the ab-plane lattice constant
and fractional atomic coordinates is allowed, the band
inversion is suppressed and the system remains a trivial
insulator.
III. RESULTS
The results on strained SrRu2O6 motivate us to study
the isostructural CaOs2O6, where the negative chemical
pressure due to the smaller ionic radius of Ca than Sr and
the larger SOC on Os than Ru are expected to be helpful
to stabilize STI states. Another thing to note is that,
whereas SrRu2O6 is unstable against the G-type antifer-
romagnetic ordering in DFT calculation as is consistent
with experiments, for CaOs2O6, we find neither the an-
tiferromagnetic nor the ferromagnetic solutions, which
means that the nonmagnetic state is the most stable.
This feature is due to a larger extent of the Os 5d orbital
than that of the Ru 4d orbital. Because the antiferromag-
netic order in SrRu2O6 enlarges the band gap [31, 33],
the stability against the magnetic orderings in CaOs2O6
is advantageous in realizing TI under realistic pressure.
The structural parameters obtained for unstrained
CaOs2O6 is summarized in Table I. The results of the
dispersion relations for CaOs2O6 are summarized in Fig.
4. Figure 4 (a) is the dispersion relation for the un-
strained CaOs2O6. One can easily notice the close re-
semblance with SrRu2O6 shown in Fig. 3 (a). Unfortu-
nately, unstrained CaOs2O6 has the trivial band topology
with ν0; (ν1, ν2, ν3) = 0; (0, 0, 0), similar to unstrained
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FIG. 3: GGA+SOC band structure of SrRu2O6 (a) without applying pressure and (b) under the uniaxial strain by which the
c-axis lattice constant is compressed by 20 % while the a and b lattice constants and fractional coordinates are unchanged. The
Fermi level is set to E = 0. Signs (±) indicate the parity eigenvalue of the nearly-degenerate highest occupied states and the
lowest unoccupied state at the A point and that of the occupied states at the other TRIM. In (a), the band topology is trivial,
while in (b) it is nontrivial because of the band inversion at the A point. The inset shows the first Brillouin zone.
TABLE I: Structural parameters obtained for unstrained
CaOs2O6. The space group is P 3¯1m for the hexagonal lead
antimonate structure. a = 5.311 A˚, c = 4.887 A˚.
atom x/a y/a z/c Wyckoff position
Ca 0 0 0 1a
Os 2/3 1/3 1/2 2d
O 0.3732 0 0.2883 6k
SrRu2O6. We next examine the effect of strain. This
approach may be called chemical, mechanical [46], and
“SOC” pressure.
When the c-axis lattice constant is reduced while the
other structural parameters are fully relaxed, i.e., when
uniaxial pressure is applied, a trivial insulating state is
maintained as in SrRu2O6. This is because the ab-plane
lattice constant is increased and the in-plane hybridiza-
tion is suppressed. Figure 4 (b) shows a typical result
with the c axis reduced by 10%. Alternatively, when
the ab-axes lattice constants are reduced by 6% while
the other structural parameters are fully relaxed, biaxial
pressure, a semimetallic state is stabilized. Figure 4 (c)
shows a typical result for a semimetallic state with the
ab axes reduced by 10%. Finally, when ab and c axes
lattice constants are uniformly reduced, we find the de-
sired transition from a trivial insulator to a STI. Upon
decreasing the lattice constants, the band gap at the A
point is reduced and closed at 8% [Fig. 4 (d)], and band
inversion is realized at compressive strains 9%–11% [Fig.
4 (e) for 10% strain]. By further reducing the lattice
constants, a semimetallic state is realized at >
∼
11%.
To see the mechanism of the band inversion, we
have analyzed the tight-binding model of unstrained
CaOs2O6. In the absence of SOC, Os t2g orbitals split
into a1g (d3z2−r2) and twofold degenerate e
pi
g orbitals by
the crystal field. The a1g and e
pi
g orbitals are decoupled
along the Γ-A line as a consequence of the threefold ro-
tational symmetry in the xy (ab) plane around an axis
passing through Ca atoms. We have found that the high-
est occupied and lowest unoccupied states at the A point
are the bonding and antibonding states of the epig orbitals
on two Os sites in the unit cell, respectively, thus hav-
ing different parities for the space inversion. When SOC
is turned on, it allows additional orbital mixing among
the a1g and e
pi
g orbitals, by which the direct band gap at
the Γ and A points is enlarged and reduced, respectively
[compare solid lines and short dashed lines in Fig. 4 (a)].
Thus, the band inversion at the A point is favored under
pressure. If SOC is absent, uniform strain would favor a
semimetallic state instead with an electron pocket at the
Γ point and hole pockets at the A point as shown in Fig.
4 (e).
The situation observed here that the linear combina-
tion of Os t2g orbitals on different sites plays a crucial
role in understanding the band structure and the real-
ized physical properties reminds us of a recent molecular-
orbital picture proposed to apply to SrRu2O6 for explain-
ing its small magnetic moment [34]. Although our choice
of the unit cell and the basis orbitals, t2g orbitals on two
Os sites, is different from theirs, hexagonal molecular or-
bitals on six Ru sites, it is interesting that the intersite
hopping among the extended 4d or 5d orbitals is essential
to realize the fascinating physics, topological properties,
and magnetism in these materials.
To check the consistency between the parity eigen-
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FIG. 4: Band structure of bulk CaOs2O6 under various strain. (a) Unstrained, (b) 10% compressed along the c axis, (c) 10%
compressed along the ab axes, and uniformly compressed along all the direction by (d) 8%, (e) 10%, and (f) 12 %. The Fermi
level is set to E = 0. In (a) and (e), results without the SOC are also plotted as short-dashed lines.
value analysis and the STI nature, we have also exam-
ined the surface states. For this purpose, we constructed
finite thick N slabs with the open boundary condition
along the c direction and the periodic boundary condition
along the ab directions with the Wannier tight-binding
parametrization. Results for the dispersion relations are
shown in Fig. 5 as a function of the surface momentum
for such slabs with the thickness N = 40 consisting of 80
Os centers. Consistent with the parity analyses, the gap-
less edge modes are absent for the unstrained case Fig. 5
(a) while they are present for the uniformly strained case
Figs. 5 (b) and 5 (c).
IV. SUMMARY AND DISCUSSION
To summarize, we have performed a systematic study
of the topological property of strained SrRu2O6 and
isostructural CaOs2O6. Based on the parity eigenvalue
analysis, it is anticipated that a STI is realized when one
induces band inversion at the A point. For SrRu2O6 this
happens by applying rather unrealistic strain. On the
other hand, for CaOs2O6 our analysis shows that such a
band inversion could be in principle induced by hydro-
static pressure.
Chemical stability: Before closing, we would like to
check the chemical stability of CaOs2O6. For this pur-
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FIG. 5: Band structure of finite thick slab of CaOs2O6 with the [001] surface. (a) Unstrained slab and (b) strained slab, which
is magnified in (c). The Fermi level is set to E = 0. The inset shows the surface Brillouin zone.
pose, we compute the total energy per unit formula
of CaOs2O6 ECaOs2O6 and compare it with those of
Ca2Os2O7 with the orthorhombic weberite structure
ECa2Os2O7 [47], CaO with the rocksalt structure ECaO,
OsO2 with the rutile structure EOsO2 [48], OsO4 with
the monoclinic structure with the space group C2/c
EOsO4 [49], and an O2 dimer EO2 [50]. These energies
are computed after the structural optimization without
tuning on the SOC as mentioned earlier. We obtained
ECaOs2O6 = −67.173 eV,
ECa2Os2O7 = −80.735 eV,
ECaO = −12.881 eV,
EOsO2 = −23.775 eV,
EOsO4 = −35.777 eV,
EO2 = −9.865 eV.
Then, the energy changes by the spontaneous segregation
CaOs2O6 →
1
2
Ca2Os2O7 +
3
4
OsO2 +
1
4
OsO4
and
CaOs2O6 → CaO+
3
2
OsO2 +
1
2
OsO4
are +0.03 and +0.74 eV, respectively. Since the both
energy changes are positive, we expect that CaOs2O6 is
stable at least against the above segregations. We note,
however, that the energy changes by the chemical reac-
tions
CaOs2O6 +
3
4
O2 →
1
2
Ca2Os2O7 +OsO4
and
CaOs2O6 +
3
2
O2 → CaO + 2OsO4
are negative (−1.57 and−2.46 eV, respectively), and thus
CaOs2O6 can be fragile in the atmosphere. To prevent
such chemical reactions, the surface treatment might be
necessary.
Even if successful synthesis is achieved, an additional
10% compressive strain is needed to realize a STI state
in CaOs2O6. To realize such strain, how large a pressure
should one apply? From the DFT calculation, this is ob-
tained as a stress tensor, whose diagonal components are
given by 38.1 eV for the x and y components and 31.1 eV
for the z component. Because of the hexagonal symme-
try, the stress tensor is anisotropic, but the anisotropy is
rather small under this large strain. From these values,
the required external pressure is estimated to be about
66 GPa. While this pressure is accessible by the current
technology, it may not be easily utilized in a small labo-
ratory. Are there other systems with the SrRu2O6-type
structure that could realize TI states? One possibility
would be to use Mg and Os. The smaller ionic radius of
Mg2+ compared to Ca2+ would further enhance chemical
pressure. However, synthesis of isostructural MgOs2O6
could be even more difficult and one might need to rely
on special techniques such as high-pressure synthesis or
molecular beam epitaxy with an appropriate substrate.
Another possible route to realize STIs with a similar
structure would be to replace Ru and Os with other ions
having the nominal 4d5 or 5d5 configuration. As seen in
Figs. 5 (a) and 5 (b), there appear Dirac cones at the
Γ point connecting the highest and the second highest
unoccupied continua irrespective of the strain. If these
continua could be separated by some means, the second
highest continuum will be fully filled and the highest one
will be for the nominal d5 configuration, resulting in a
STI with one Dirac cone on a surface. While we have
yet to identify materials which become STIs at ambient
pressure, our approach using chemical and SOC pressure
would be useful for guiding materials exploration.
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